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SUMMARY

Findings from long-term studies of the field biology and behavior of Seof ylus mullisisiatus
(Marsh.) as involved in chemical-messenger aspects of host tree acceptance and non-host
rejection have provided a necessary basis for studying chemoreception by this insect. Sub-
sequent investigations of chemical attractants and feeding stimulants for this beetle have
shown that many quinols {e.g., hydroquinone) serve as such positive stimuli. Similar experi-
ments aimed at repellency and/or feeding inhibition have proven that many quinones (e.g.,
p-benzoquinone) are negative stimuli. Results presented, or summarized, in this paper allow
the characterization of the energy-transduction mechanism involved in quinone inhibition of
S. multistriatus feeding as being formation of an energy-transfer complex between the
quinone and the receptor site, sulfhydryl group, in the sensory nerve membrane protein; the
oxidation of the sulthydryl; and the reduction of the quinone. Such a mechanism is known to
bring about a change in the conformation of macromolecules in membranes. Changes in con-
formation alter inorganic ion flow through membranes and this may generate the action
potential necessary to fire the neuron. This mechanism is compatible with the observed
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order of relative inhibitory activities of variously substituted 1,4-naphthoquinones.

INTRODUCTION
Chemoreception by insects necessi-
tates an exchange of energy between the
chemical messenger and the receptor
site in the chemosensitive sensillum. [n-
terpretation of such energy-transduc-
tion mechanisms in animals has been
only theoretical (e.g., Amoore, 1), but
Norris (19, 20) recently presented bio-
logically and chemically based data to
support a quinol-quinone (clectron-
transfer) system as such a mechanism in
the chemoreception of the beetle Scoly-

tus multistriatus (Marsh.).
The detailed knowledge (Fig. 1) of
the biology and behavior of S. multi-
striatus as related to its acceptance of
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host trees and rejection of non-host
trees, as summarized by Baker and
Norris (2, 3), served as essential back-
ground for developing an understanding
of this chemoreception mechanism. Qur
extensive ficld investigations of the in-
terrelationships among S. muliistriatus
and Scolytus quadrispinosus Say, and
obviously vigorous host and non-host
trees indicated that these beetles are
not attracted, or do not respond by
chemokinesis, over significant distances
(i.e., more than a few centimeters) to
such host trees (14, 18). Scolvtus multi-
striatus feeds in the twigs of Ulmus,
especially Ulmus aemericana L. in the
United States; and S. quadrispinosis
fceds similarly in Carya spp. (hickories).
In studying the flight of these two
Scolytus spp. in the mixed hardwood
forest, as many, or more, of each species
were trapped in the periphery of the
crown of healthy non-host trees as in
the edge of the crown of vigorous host
trees (14, 18). Thus, flight dispersal of
the beetles was random with regard to
healthy trees (host or non-host).

With the flight dispersal of these
bectles into the periphery of the crown
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Froure 1. Diagrammatic summary of inter-
acting influences of various physical and chemical
stimuli in the environment on the host accep-
tance, and non-host rejection behavior of
Scolytus multistriatus.

of vigorous trees being random with re-
gard to host and non-host trees, the
mechanism for preventing Scelytus from
alighting and feeding in non-host trees
was next investigated. These studies
(3, 12, 13) indicated that each investi-
gated non-host tree species contained
one or more chemicals in its tissues
which served to repel or inhibit feeding
by the Scolytus on that tree. The dis-
covery (12, 13) that juglone (5-hvdroxy-
1,4-naphthoquinone) in Caryae spp. re-
pelled S. multisiriatus from these non-
host trees has been our most thoroughly
researched example of chemical repel-
lency in non-host trees. When juglone
was removed from the extract of Carva
tissues, S. multistriatus fed vigorously on
the remaining chemicals from hickories.

Subsequent bioassay studies (19, 20)
with a group of related 1,4-naphtho-
quinones indicated that all tested qui-
nones significantly inhibited S, multi-
striatus feeding when added in a range of
concentrations to otherwise stimulatory
extracts of elm (host) tissues or to
known chemical stimulants (Fig. 2). The
extents to which given concentrations
of the various 1,4-naphthoquinones re-
duced the amount of S. multistriatus
feeding when added to a standard stim-
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ulant solution (19) depended on (a) the
presence or absence of substituent groups
on the 1,4-naphthoquinone; (b) the
type(s) of substituent group(s); and ()
the position(s) of the substitutions;.
The effects of substituents upon the
properties of molecules are not readily
generalized (17), but in these speciiic
studies (19, 20) the substitution of O]
in the 5 or 5, 8 positions (Fig. 3) in-
creased feeding inhibition, and in the »
posttion it decreased inhibition. Mole-
cules with substitutions in the 2 or
2,3 positions were less inhibitory than
the unsubstituted 1,4-naphthoquinone,
At the 2 position, OH>CH;>Cl in in-
hibitory effect. According to Morton
(17), substitution in the 2 position of
1,4-naphthoquinones reduces the redox
potential much more than substitution
at other positions. However, the redox
potential is actually increased by sub-
stitution of Cl at the 2,3 positions ¢23).
Thus, if redox potential were solely re-
sponsible for the relative inhibition of
variously substituted r1,4-naphthosui-
nones to S. multistriatus feeding, then
the order of inhibition among those
tested compounds with substitutions in
the 2 position would have heen z,3-di-
chloro-1,4-naphthoquinone> 2-methvi-1,
4-naphthoquinone > 2-hydroxy-1,4-naph-
thoquinone. As indicated above, exten-
sive bioassayvs (19, z0) have vielded
data on inhibition by these chemicals
which reverse this order.

Therefore, though the 1,4-naphtho-
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FIGUre 2. Some feeding stimulants and shorts
range attractants (or arrestants) for Scolytts
multistriatus. Upper row (left to right): hy:
droquinone, catechol, pyrogallol, and orcinol;
lower row (left to right): p-h_vdroxyl><,'n'/(11dehydes
vanillin, and syringaldehyde.
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quinones are functioning as oxidation-
reduction systems in their inhibition of
S, multistriatus feeding, other properties
and reaction capabilities of each specific
quinone are significantly involved. The
fact that O substitution on 1,4-naph-
thoquinone, whether at the 5; 5,8; or 2
positions, unfailingly yielded a degree of
inhibition greater than that indicated by
the relative redox potential of the given
chemical led Norris (19) to suggest that
hydrogen-bonding capabilities, brought
to the naphthoquinone by OH substitu-
tion, could account for the greater feed-
ing inhibition of these chemicals than
their redox potentials would indicate.
Prior to the more recent studies (11),
the relatively poor inhibition by 2,3-
dichloro-1,4-naphthoquinone remained
unexplained; however, we now can pre-
sent physical-chemical explanations for
the feeding inhibitory action of 1,4-
naphthoquinone to S. multisiriatus; and
for the relative inhibitions of the vari-
ously substituted 1,4-naphthoquinones.

MATERIALS AND METHODS

In the investigations of the energy-
transduction mechanism operative in
inhibition of insect feeding by quinones,
parallel experiments were {requently
conducted on S. muliistriatus and Peri-
planeta americana (L.). The American
cockroach was involved because of its
similar responses to 1,4-naphthoqui-
nones (21) and its large antennae which
make studies of receptor chemicals in
chemosensitive sensilla less laborious
than with the relatively small elm bark
beetle.

Ultrastructure of chemoreceptor sensilla
on antennae, Antennae of S, multistriaius
werc cither dissected and immediatelv
placed in fixative (Table 1), or the head
of the insect was amputated with a
razor blade while held in a solution of
the fixative. These methods vielded
comparable degrees of fixation. The en-
tire process employed in fixing,dehvdrat-
ing, and embedding tissues of S. multi-
striatus for electron microscopy is sum-
marized in Table 1. Further details arc
given by Borg and Norris (4, 3).
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Fisure 3. 1,4-Naphthoquinone and deriva-
tives investigated as feeding inhibitors of
Scolytus multistriatus: 2,3-dichloro; 2-methyl; 2-
hydroxy; unsubstituted 1,4; 5,8-dihydroxy; and
5-hydroxy.

Specimen tissue was scctioned on a
Sorvall NMT-2 ultramicrotome with a
Dupont diamond knife. All sectioned
tissue was stained with a saturated,
aqueous solution of uranyl acetate.
Sections next were washed gently with
distilled water, and then were blotted
with filter paper. Tissue then was
stained with cold lead citrate for 5 to 10
min. using the technique of Reynolds
{23). Alter staining in lead citrate, grids
again were gently washed with distilled
water and examined with a JEN -7 elec-
tron microscope at 8o kv.

Penetration of chemical messenger into
the sensory semsillum. Catechol (1,2-di-
hydroxybenzene) (Fig. 2) is a {eeding
stimulant for S. multistriatus (6). To de-
termine whether such a chemical messen-
ger penetrates into chemosensitive sen-
silla of the insect, 10 live adult beetles
were bathed in tritiated (500 mc./mM)
catechol (4.5X107°M) in 8c per cent
ethanol for time periods of 3, 10, or 6o
min., and then were rinsed in Millonig's
phosphate buffer. Beetles next were fixed
for 3 hr. in Karnovsky’s fixative (15) in
Millonig's phosphate buffer, rinsed in
buffer, and post-fixed in 2 per cent OsO,
in Millonig’s buffer. The specimens then
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Tagir 1. -Summarized methods for fixation, dehydration, and embedding of
tissues of Scolytus multistriatus for electron microscopy
5 B Time, Temperature,
Process hr. o
IFixation
Paralormaldehyde-glutaraldehyde in phosphate buffer, pH 7.4 3 4
Rinse in buffer 1 4
2%, Osmium tetroxide in phosphate buffer, pll 7.4 3 4
Dehydration
304 Acetone 1 22
Acetone 1 22
704 Acetone 1 22
o Acetone 1 2
e Acetone I 22
1009 Acetone I 22
Fmbedding
3:1 Acetone:plastic® 24 22
1:1 Acetone: plastic 24 22
1:3 Acetone:plastic 24 22
o:1 Acetone:plastic 24 22
Polymerization
In vacuum oven 24 37
In vacuum oven 43 Ho

* Plastic mixture: Araldite 6003z (20 ml.), Fpon 812 (25 ml.), and DDSA (6o ml). Add 3 drops of

DMP-30 per ml, of plastic mixture.

were dehydrated with a graded series of
acetone, and were stained with saturated
uranyl acetate in 70 per cent acetone at
that step in the dehydration. Beetles
next were embedded in a mixture of
Araldite 6005, DDSA, and DMP-30.
After polymerization at 60° C. for 48hr.,
thin sections were cut with a diamond
knife on an ultramicrotome. Ilford’s L4
emulsion was prepared and applied to
sections on carbon-collodion coated
nickel grids using the methods of Caro
et al. (7). Sections were developed, after
a 23-day exposure, in D-19 developer;
and were double stained with lead
citrate. Examination was in an AE.L
EI 6B electron microscope at 50 and/or
60 kv.

Preparation and [ractionation of an-
tennal homogenate. Antennae from at
least 5,000 male and female S. multistria-
fis or 1oo to 300 male and female P.
americana were excised at the base and
frozen in o.25 A sucrose until homo-
genized. They were homogenized in g ml.
of ice cold o.235 M sucrose in a motor-
driven Teflon~glass homogenizer. The ho-
mogenation and fractionation methods
were patterned alter De Robertis ef al.
(9). The homogenate was filtered

through glass wool into a 1 X3 in. cen-
trifuge tube, and centrifuged at 20,000
Xg for 45 min. After decanting, the
pellet was twice resuspended, washed,
and centrifuged with 5 ml. of o.25 M
sucrose. The final pellet was taken upin
6 ml. of 0.8 M sucrose and layered onto
a discontinuous sucrose density-gradi-
ent composed of 6 ml, each of 1.0, 1.2,
1.5, and 1.8 M sucrose. The gradient
tubes were placed in a SW 23.1 rotor and
centrifuged at go,000 X g (max.) for 120
min. The particulate band located at
cach density interface was removed with
a 5 ml. syringe, diluted to approximately
0.25 M with H;0, and repellcted at
20,000 X g for 45 min. Beginning with
the band at the 0.8-1.0 M interface and
ending with the band at the 1.5-1.8 M
interface, the bands were designated
Fi through F,. The protein content of
an aliquot of each band was determingd
by the method of Lowry ef al. (16).
Anotheraliquot of each band was fixed in
glutaraldehyde, post-fixed in osmiuin
dehvydraied in acetone, embedded in
Araldite, stained with uranyl acetaté
and lead citrate, and examined by elec:
tron microscopy'.

Investigation of complexing belwee!
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2-(methyl-HC)-1,4-naphthoquinone  and
particulate bands from antennal homoge-
nate. To determine the binding affinity
of the feeding inhibitor, 2-(methyl-#C)-
1.4-naphthoquinone, for particulate ma-
terial in the densityv-gradient bands
I from the antennal homogenate, the
following procedure was used. The an-
tennal homogenate was prepared as
previously described, but before the
centrifugation procedure, it was incu-
bated for 15 min. at room temperature
with o.1 uc. of 2-(methyl-1*C)-1,4-naph-
thoquinone (final concentration was
2 X 107 8M). The incubate was centrifuged
at 20,000 Xg and the pellet obtained
was resuspended in o.25 M sucrose and
recentrifuged three times to remove
radioactivity not bound to particulate
matter. Aliquots of each wash were
analvzed for radioactivity. The final
pellet obtained was [ractionated on the
density gradient as described previously.
Samples for counting were placed in 10
ml. of methyl cellusolve-based counting
solution (tolucne, soo ml.; methyl cel-
lusolve, 300 ml.; PPO, 5.5 g.; and
POPOP, 300 mg.) and counted in
a Packard 33% liquid-scintillation
counter. Each sample vial was counted
twice for 10 min. and the count was
averaged. Quenching was monitored
with an external standard.

Ultraviolet spectroscopy of binding of
naphthoquinones to components of the
supernatant and particulate fractions of
the antennal homogenale. Antennae were
homogenized in a Potter-Elvehjem ho-
mogenizer containing 23 ml of ice cold
0.05 M Tris buffer, pH 7.0. The ho-
mogenate was filtered through glass
wool to remove cuticular debris and
rinsed with 15 ml. of Tris. The homog-
enate then was subjected to the same
centrifugation procedure as described
for the radiolabelled naphthoquinone-
binding study. The initial decantate
(supernatant) [rom the centrifugation
procedure was saved for study of the
complexing (binding) of its soluble and
particulate components, not sedimented
at 20,000 X g, with inhibitory naphtho-
quinones. Bands removed [rom the su-
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crose gradient were diluted with Tris to
so ml., and then centrifuged at 32,800
X g for 2 hr. The resultant pellets were
each resuspended in 4 ml. of Tris.

Ultraviolet spectroscopy methods pat-
terned after Dastoli and Price (8) and
Donovan (10) were used to determine
the relative binding affinity of the par-
ticulate fractions and decantate for the
feeding inhibitors, 2-methyl-1,4-naph-
thoquinone, 1,4-naphthoquinone, or s-
hydroxy-1,4-naphthoquinone. Absorp-
tion measurements were made with a
Cary Model 15 spectrophotometer using
a 0.0 to 0.1 scale expansion. The dynode
setting was 2, and the amplifier sensi-
tivity was 2. Absorption cells with a
path length of 1 cm. were used. Base-
lines (zero absorbance as a function of
wavelength) were determined with an
aliquot of a fraction or the decantate in
hoth the sample and reference cells. The
four particulate fractions (bands Fy_ i)
and the decantate were tested at con-
centrations producing an optical density
of 0.2 at 280 nm. These concentrations
were obtained by diluting each aliquot
with Tris. Enough naphthoquinone
(0.13 mM solution in deionized water)
was added to the solution of the aliquot
in the sample cell to vield a final con-
centration of 1.7X1077M naphthoqui-
none. The decrease in optical density
induced at 28> nm. was then recorded
immediately. Corrections for absorption
of the naphthoquinone at 280 nm. were
made by subtracting the absorbance of
each chemical alone in T'ris from the
absorption value obtained with the
naphthoquinone in combination with
the antennal fraction. All naphthoqui-
nones used were recrystallized from re-
distilled benzene.

As stated by Szent-Gydrgyi (24), in
energy transfer two events are to be
considered: (a) the extent of coming
together (complexing) of involved mole-
cules, and (b) the actual transfer of
energy. To further investigate the ex-
tent of complexing of inhibitory quinone
with receptor sites (i.e., chemicals) in
aliquots from the antennal preparation,
or with model receptor chemical (i.e.,
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reduced glutathione), an inhibitor to
insect gustation, p-benzoquinone or 1,4-
naphthoquinone, was added to aliquots
of ¥, or decantate, or to reduced glu-
tathione, in buffer solution, and each
mixture was frozen in a covered glass
container, This is one method of increas-
ing the degree of complexing between
the candidate molecules. When [rozen, a
preparation was removed and observed
microscopically for a change of color
from those of the frozen control solu-
tions of the individual test components.
In some cases, after melting, the prep-
aration was analyzed in the spectro-
photometer for changes in absorbance.
This analysis was aimed at determining
whether an energy-transfer reaction had
occurred between complexing compo-
nents.

Dropping-mercury-electrode polarogra-
phy of energy-transfer complexing in a
model system. In the absence of suffi-
ciently purified quantities of receptor
chemical from antennae for polaro-
graphic study ol energy-transfer com-
plexing with quinones, the interaction
between a model receptor chemical (i.c.,
reduced glutathione); and 1,4-naphtho-
quinone with or without a sulfhydryl
group-inhibitor chemical (N-ethyl ma-
leimide} was investigated. Reduced
glutathione was chosen as a model re-
ceptor-site chemical because the com-
plexing and/or oxidizing reactions of
quinones with sulfhydry! groups of pro-
teins are documented (2z3), and the
sulfhydryl-containing reduced gluta-
thione is an important constituent of
neural tissues (22).

The solutions to be polarographed
were prepared as {ollows: (a) 100 ml. of
0.1 M phosphate buffer, ptl 7, were de-
oxygenated in a covered glass system
for 25 min. with prepurified nitrogen;
(b) then the weighed amount of test
chemical(s) was added to the buffer so-
lution; (c) nitrogen was bubbled through
the preparation for 135 min.; (d) avoid-
ing unnecessary contact with air, 20 ml.
of the preparation was transferred to a
proper glass vessel for polarography; (e)
nitrogen was passed through the solution
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in the vessel for 15 min.; and (f) with the
nitrogen stream removed from the teg
solution, but with a thin stream of nitro.
gen running across the surface of 1he
liquid, the polarographic analyses were
run. All studies were conducted using »
Type PO4 Radiometer Polariter with
the dropping-mercury electrode.
RESULTS

Ultrastructure of chemoreceptor sensiliy
on antennae. Three types of chemosensi-
tive sensilla, sensilla basiconica {1vpe
A), sensilla basiconica (type B), and
sensilla trichodea, were found on the an-
tennae of both males and females of S
maultistriatus. Detailed descriptions of
the ultrastructure of these sensilla are
given by Borg and Norris (3). Both
types of sensilla basiconica had many
more-or-less flask-shaped pores in the
cuticular wall. These appear rather sini-
lar to pores reported in previousiyv de-
scribed sensilla basiconica. The bottom
of each pore was lined with a plasma
membrane which was multiple invagi-
nated in the form of finger-like tubules.
Overstaining with uranyl acetate showed
that the membrane was continuous
around the inner boundary of the cutic-
ular wall of each sensillum (Fig. 4).
Based on our total microscopic investi-
gations of the sensilla basiconica on S.
maultistriatus antennae, we concluded
that the dendritic branches of sensory
neurons in these sensilla are directly ex-
posed, via the finger-like tubules and the
flask-shaped pores in the cuticle, to a
certain chemical environment which
may surround the insect.

Penetration of chemical messenger into
the chemosensory sensillum. The tritiated
feeding stimulant, catechol (1,2-dihy-
droxybenzene) (Fig. 2), penetrated into
the lumen of sensilla basiconica of live 5.
multistriatis and bound especially \\_f'ith
nerve membranes (Fig. 5). Each time
exposure (i.e., 5, 10, or 60 min.) of the
Deetles to the tritiated catechol resulted
in significant label entering these sef:
silla. Numerous autoradiographs showe
clearly that the feeding stimulant efi:
tered these sensilla via the combing
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Electron micrographs of chemosensitive sensilla basiconica. {A) Cross section {60,000

FIGURE 4.
X) showing flask-shaped pores (Ip) in cuticle, plasma membrane {pm) containing finger-like tubules
(ft), and dendritic membranes (dm) associated with tubules and the plasma membrane. (B} Longitu-
-shaped pores (fp) in cuticle, linger-like tubules (ft) in plasma

dinal section (43,000 X) showing fla
membrane {(pm), and dendritic membranes (dm) of sensory neurons in the chemosensitive sensillum.
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Froure 3. Autoradiographs showing that the radiolabel of tritiated catechol, a feeding stimulant,

3

penetrated (A, 33,000 X; B, 40,000 X} through flask-shaped pores (fp) and tubules of chemosensitive
sensilla basiconica on the antennae of live S. multistriatus; and complexed (bound) especialty with
dendritic membranes (dm}) of sensory neurons in the lumen of the sensilla (C, 20,000 X,

pore and tubule route through the
cuticle (Fig. 5).

Complexing belween 2-{methyl-#(C)-1,4-
naphthoquinone and particulate hands
from antennal homogenate. Of the re-
covered radioactivity, only 16 per cent
was in the particulate fractions, F, 4,
(Table 2) from the sucrose-density

TapLe 2.—Radicactivity bound in particulate
fractions isolated on a sucrose-density gradient
after the antennal homogenate was incubated
witho.1 ge. of 2-{methyl-#C)-1,4-naphthoquinone

- - Total protein CoUtts per nunute
Fraction otal protein,  Counts per minute

mg. per mg, protein
314 7742

157 8o8¢g

1447 5710

1078 448q

1072 5004

gradient. Because chemoreception in
gustation and olfaction must by its na-
ture be a transient phenomenon, we
cxpected a low level of feeding inhibitor
binding to the particulate fractions. The
specific activity per mg. of protein was
greatest in fractions Fy and F, {Table
2). Electron micrographs of aliquots of
the particulate fractions (Table 2) indi-
dicated that ¥y and F, were rich in nerve
membrane fragments (Fig. 6).

U V. spectroscopy of binding of in-
hibitory maphthoquinones to components
of aniennal homogenate. The change 1
UV, absorbance at 280 nm. induced ‘b}’
cach naphthoquinone interacting \\'_1th
components of each particulate fraction
(i.e., Fi_5) or the decantate from the
antennal homogenate is shown in Figure
7. The greatest change in absorbancé
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Fioukre 6. Electron micrograph of an aliquot of a particulate fraction from sucrose-density-
gradient centrifugation which was rich in nerve membrane fragments.

with each naphthoquinone occurred with
fraction F.. Absorbance with F; was
intermediate; and that with F, Fy, and
the decantate was similar, and signifi-
cantly less than with F,. Considering the
relative change in absorbance at 280 nm.
associated with each naphthoquinone
interacting with a given fraction or the
decantate, 3z-hydroxy-1,4-naphthoqui-
none vyielded the largest absorbance
change, 1,4-naphthoquinone was inter-
mediate, and 2-methyl-1,4-naphthoqui-
none gave the least with fractions Fq...
With fraction ¥, the pattern was re-
versed.

It is assumed that the magnitude of
change in absorbance is directly related
to the degrec of binding of a naphtho-
quinone with components of a particu-
late fraction or the decantate. Because
in these experiments, both the reference
cell and the sample cell contained a so-
lution of one of the particulate fractions
or the decantate, any change in the con-
formation of components in a solution

absorbing at 280 nm. after addition of
the naphthoquinone to the sample cell
was reflected as a change in absorbance
relative to that of the solution in the
reference cell,

These results established that ithe
order of relative in vivo feeding inhibition
by three naphthoquinones was the same
as the order of their relative degrees of
binding with antennal homogenate frac-
tions Iy and Iy which especially con-
tained nerve membrane fragments.

Freezing an inhibitory quinone with
an aliquot of particulate fraction ¥, or
with 5X107*W reduced glutathione
produced new spectrophotometric ab-
sorbance characteristics attributable to
complexing and reduction of the feeding
inhibitory quinone. When gXio 41/
N-ethyl maleimide, the specific sulf-
hydryl-group inhibitor, was added to the
mixtures of quinone and F. or reduced
glutathione, freezing these solutions
produced color changes different from
those observed in the absence of N-
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Ficure 7. Differential absorbance at 280 nm.
upon addition of the given naphthoquinone
(1.7 X 1077M) to the sample cell. The sample had
been previously balanced against the reference
with a concentration of a given fraction or the
decantate (ID) which produced an optical density
ol 0.2 unit.

methyl maleimide, but the color changes
were still indicative of energy-transfer
reactions (24). The changes in color
proved that the sulthydryl-group inhibi-
tor, N-ethyl maleimide, and the feeding-
inhibitory quinones were competing for
the same reaction sites on ¥y and the re-
duced glutathione. This site would be
the sulthydryl group (i.e., -SH).

Dropping-mercury-electrode polarogra-
phy of emergy-transfer complexing in «
model system. The reaction of glutathione
with 1,4-naphthoquinenc resulted in the
half-wave potential of the quinone wave
being shifted toward the right c.023 volt
(FFig. 8). Such a small, but real, shift in
potential indicated that an energy trans-
fer and/or new compound had resulted
between the chemicals in the solution.
In the presence of glutathione, an anodic
wave for 1,4-naphthoquinone appeared;
whereas, this quinone alone vyielded
only a cathodic wave (Fig. 8). This in-
dicated that the quinone had been re-
duced during its interaction with gluta-
thione, and that the reduced quinol sub-
sequently was being oxidized at the
dropping-mercury electrode.

Changes in the diffusion current ob-
served with 1,4-naphthoquinone alone
versus the 1,4-naphthoquinone+gluta-
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thione indicated that complexing oc-
curred. At a given molar concentration,
the diffusion current of different chemi-
cals should vary as the square rooi of
their molecular weight. Glutathione -+
1,4-naphthoquinonegave an anodicwave
current for the quinone (IFig. 8) which
would indicate that the new molety wag
about three times the weight of the
quinone alone. The combined molecular
weight of 1,4-naphthoquinone+gluta-
thione is 465 as compared to 158 for the
quinone alone. These total findings
would strongly support the existence of
a complex between 1,4-naphthoquinone
and glutathione.

Upon addition of the specific sulfhy-
dryl group inhibitor, N-ethyl maei-
mide, to the mixture of 1,4-naphthoqui-
nonc and glutathione, the diffusion cur-
rent for the 1,4-naphthoquinone wave

mmid-Naphthoguinone

A~Naphtho+ Glutathione
wraid-Maphthos Glutathione « NEM

Current

s
s

Y LIBaN §
-1 -3 -5 -7 -9 =11 =13 ~15

EMF

f

Fiaure 8. Polarograms of 1,4—u1;3;’)hth0qUi'
none; 1,4-naphthoquinone +reduced glutathione;
and 1,4-naphthoquinone-4-reduced glutathione
+ N-ethyl maleimide (NEM), at 20 pd, full-
scale sensitivity, and a damping setting of 4
Concentrations of all tested chemicals were
5X10™M, and the huffer used was 75 ml of
phosphate buffer (pH 7)-+25 ml. of g5 per cent
ethanol, (Note the small shift in half-wave potert:
tial of the wave for the 1,4—n;mhthuquin(me:
when mixed with glutathione or gi\ltathioﬂe,
+NEM. This shift is indicative of an energy’
transfer complex. Changes in diffusion curretif
of the 1,4-naphthoquinone wave attributable ¥
treatment also are evident.)
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fell between that obtained when the
quinone was alone, and when it was
combined with just glutathione (Fig. 8).
These results would indicate that the
addition of N-ethyl maleimide reduced
the amount of 1,4-naphthoquinone
which was complexed with glutathione.
These data thus prove competition
between the feeding-inhibitory quinone
and N-ethyl maleimide {or glutathione,
and would implicate the sulfhydryl as
the reaction site on glutathione.

DISCUSSION

Data presented, or summarized, in
this paper from our long-term studies of
chemoreception by S. multistriatus, and
other selected species, allow the first
characterization of a naturally-opera-
tive energy-transduction mechanism in-
volved in insect gustation and/or olfac-
tion. This characterization also is the
first for anv animal.

The experimental findings indicate
that the chemical messenger quinol-
quinones penetrate through pores and
tubules in the cuticle of chemosensitive
sensilla on the antennac of S. multistria-
tus.

In the lumen of the sensillum, these
regulatory ligands (i.e., quinones) com-
plex with protein especially at the
membranes of the dendrites of sensory
neurons. The specific site of reaction in
the receptor protein is the sulfhydryl
group. In addition to the formation of
the complex, the sulthydryl group is
oxidized, and the quinone is reduced.
With the very recent findings of Ferko-
vich and Norris (11), it may now be
confidently concluded that the energy-
transfer complex involved in quinone
inhibition of S. multistriatus and P,
americana [eeding entails the formation
of mono- or di-adducts. The associated
oxidation of the sulfhydryl and re-
duction of the guinone apparently are
accommodated by the complex for-
mation. This interpretation of the in-
volved energy-transduction mechanism
is compatible with the observed order of
relative ¢n wvive inhibition of feeding
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and in witro binding with receptor
protein by the variously substituted
1,4-naphthoquinones. An interpreta-
tion involving covalent bonding is not
compatible with the observed relative
in vivo and in vilro activities of these
investigated inhibitory naphthoqui-
nones. This new understanding of how
the initial energy transfer essential to
the generation of an action potential
in the sensory neuron occurs should
prove useful in many aspects of neuro-
biology and neurochemistry.
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